In this paper, the origin and accumulation time of CO 2 , and the transformation of clastic reservoir bed by CO 2 in the A2 structure at the actic area of Qin Nan Sag were studied. The elevated δ 36 Ar values showed that CO 2 was mantle derived. CO 2 -bearing inclusions were associated with hydrocarbon inclusions, and CO 2 -bearing inclusions included hydrocarbon components, showing migration and filling of CO 2 and hydrocarbon at the same stage. Basin modeling and homogenization temperature of inclusions indicated that the time of hydrocarbon and CO 2 accumulation was mainly less than 3 Ma. CO 2 late filling resulted in strong dissolution of feldspar and carbonate cement, with a high content of intragranular dissolution pores and a high proportion of intergranular primary pores, mostly from carbonate cement dissolution. Acidic environment inhibited illite growth, and dissolution of feldspar and acidic environment promoted formation of kaolinite. CO 2 late filling brought out obvious thermal fluctuation, which was in favor of redistribution of dissolved matter, and top strong cementation was found at rock cores. Because of late accumulation of CO 2 , acidic environment of reservoir bed lasting for a long time, reservoir bed at a high temperature, undergrown dawsonite showed weak influence on reservoir bed quality. Dissolution of feldspar and carbonate cement, inhibition of illite growth, a high content of authigenic kaolinite, a low content of dawsonite, and redistribution of dissolved matter played a decisive role in improving reservoir quality, with rarely seen high permeability.
INTRODUCTION
Thirty two CO 2 -containing gas reservoirs have been discovered in petroliferous basins in eastern China Zhang et al., 2011) . Currently, the research on CO 2 -containing gas reservoirs is more focused on the origin of CO 2 , rock characteristics of dawsonite associated with CO 2 , and CO 2 genetic mechanism Gao et al., 2010) . In addition, CO 2 injection and production technology and underground storage of CO 2 are also part of the research. In fact, impact of CO 2 filling, as an important geological event on reservoir bed quality is undoubtedly important. Studies have shown that filling of CO 2 would generally cause dawsonite cementation, resulting in deterioration of reservoir quality ), but transformation of reservoir bed by CO 2 to improve its quality is seldom studied by researchers, and there is lack of reliable examples. CO 2 -bearing reservoir bed in the study area has a great burial depth. It is a typical, late-accumulated reservoir in the Bohai Bay Basin. Late filling of hydrocarbon and CO 2 , and a shorter accumulation time favored transformation of sandstone reservoir bed by mantle-derived CO 2 , forming rarely seen high-quality reservoir bed at such a burial depth. Deep oil and gas exploration in the Bohai Sea is facing great risk of deterioration of reservoir bed quality, so the study of transformation of reservoir bed by CO 2 has important practical significance.
The A2 structure is located in the northern boundary fault downthrow of the Shijiutuo uplift, with the Shijiutuo Uplift in the south and the Qin Na Sag in the north, close to the border large fault of the Qin Nan Sag (Fig. 1) . The first and second members of the Shahejie formation (Paleogene) of the A2 structure are at the depth of over 3200 meters. Drilling revealed CO 2 -rich layered condensate gas reservoir, with CO 2 content of 3.93% ∼ 89%, N 2 content of 0.2% ∼ 0.99%, CH 4 content of 9.8 %∼77.9%, and proven reserves of more than 4 billion cubic meters of CO 2 (Table 1) . Figure 1 . A2 structure regional geological survey.
SAMPLING AND ANALYTICAL METHODS
Based on logging and testing in 4 wells located in A2 structure, we acquired 64 CO 2 saturated reservoir sandstone samples and made 60 thin slices with pore statistical analysis for 22 slices, SEM analysis for 22 samples, X-ray diffraction bulk-rock analysis for ones, all experiments completed by petroleum engineering research institute in CNOOC energy development Corp. 20 inclusion enclave thin slices from CO 2 saturated reservoir were tested for polarization with Leica DMRX HC, fluoremetry, homogenization temperature with LNKAM THMS600 and laser Raman analysis with LABHR-VIS LabRAM HR800 Raman spectroscopy, tested by Analysis and Testing Laboratory of fluid inclusions in Beijing Geological Research Institute of China Nuclear Industry Research Center.
Gas composition, carbon isotope and rare gas isotope assay were tested for 4 samples from DST test by Lanzhou Institute of Geology, Chinese Academy of Sciences. Gas composition was tested in ambient temperature with MAT271 mass analyzer and GC9160 gas chromatograph. Carbon isotope was tested in ambient temperature with DeltaPlusXP mass analyzer. Rare gas isotope assay was tested with reference sample from atmosphere in Gaolan peak of Lanzhou, China (AIRLZ2007). The situation is 9.0kV high-handed, trap cur 200 µA tested for Ar and Kr, 800 µA for He, Ne and Xe. 4 3. CO 2 ORIGIN AND ACCUMULATION TIME
CO2 origin
The origin of CO 2 can be determined by the volume fraction of CO 2 and carbon isotopes (Dai et al., 1994 (Dai et al., , 1995 Huang et al., 2011) . The volume fractions of organic origin CO 2 are often less than 20% and δ
13
C CO2 values are usually less than −10% (PDB). The volume fractions of magma/mantle origin CO 2 are usually more than 60%, and δ 13 C CO2 volumes are large, usually greater than −8 ‰ (PDB), a majority of −6 ‰ (PDB) ± −2 ‰. Inorganic origin CO 2 gas reservoir has high helium content; ϕ ( The condensate gas reservoir of the first and second members of the Shahejie formation (Paleogene) of A2 structure has a CO 2 content 3.93% ∼ 89%, δ 13 C CO2 value −5.2 ‰ ∼ −6.4 ‰ (PDB), in the main distribution range of inorganic origin CO 2 (−8 ‰ ∼ +3 ‰) ( Dai et al., 1997 Table 2 . Composition of natural gas in well A2-1. Figure 2. CO 2 Genetic Classification of A2 Structure (modified from Dai et al., 1995) .
in two phases. The first phase is single-phase oil inclusion developed in cracks in quartz particles, with pale yellow fluorescence. The second phase is gas/oil inclusion developed in cracks in quartz particles. The homogenization temperature is 100°C -140°C, partly higher than the reservoir bed temperature (Fig. 4 ), which may Figure 5 . Photos of hydrocarbon-and CO 2 -containing inclusions, single phase gas inclusion with yellowish white fluorescence in cracks of quartz particles, and photo of laser Raman spectrum analysis of hydrocarbon-and CO 2 -containing inclusion, well A2-3, depth 3,295 m. (a: Laser Raman spectra of hydrocarbon-and CO 2 -containing inclusion; b: Polarized light photograph of hydrocarbon-and CO 2 -containing inclusion; c: Fluorescence photo of hydrocarbon-and CO 2 -containing inclusion. Laser Raman analysis: CO 2 and CH 4 ratio of 3:2 in hydrocarbon-and CO 2 -containing inclusion, slow peak of saturated hydrocarbons at 2000 cm -1 .) be a result of thermal fluctuation, accompanying fast filling of hydrocarbon. According to burial history, thermal history of A2 reservoir and homogenization temperature of inclusions, the filling time is less than 3 Ma. Although the occurrence of inclusions shows filling in two phases, the homogenization temperatures of inclusions indicates late filling of hydrocarbon (Fig. 4) .
CO 2 accumulation time
CO 2 inclusions mainly occur in fractures within quartz grains and cracks penetrating quartz particles, with black fluorescence under single polarized light, and are associated with hydrocarbon inclusions (Fig. 5) . Laser Raman analysis indicates a great difference in CO 2 content in CO 2 inclusions associated with hydrocarbon inclusions. Inclusions containing CO 2 , CH 4 and saturated hydrocarbon are identified (Fig. 5) .
CO 2 -containing inclusions are symbiotic with hydrocarbon inclusions and inclusions containing CO 2 , CH 4 and saturated hydrocarbons are also found. Filling of CO 2 could be considered to take place at nearly the same stage as filling of hydrocarbon, at a time of late accumulation.
TRANSFORMATION OF RESERVOIR BED BY CO 2 THERMAL FLUID
4.1. Dissolution CO 2 thermal fluid caused dissolution of feldspar and carbonate cement upon entering the reservoir bed. CO 2 flooding technology has been widely used in oil production. Formation water pH value is significantly reduced by CO 2 injection, and metal ions in formation water significantly increase (Bowker et al., 1991) . Laboratory studies showed that after CO 2 injection in sandstone, with increasing temperature marked dissolution of sodium feldspar, calcite, and iron calcite was observed, and dissolution intensity also increased. Dissolution of dolomite, ankerite also occurred in the CO 2 −H 2 O system (Xu et al., 2005; Holdren et al., 1985) . (Xu et al., 2005) Scanning electron microscopy and mold thin section analysis indicated significant feldspar dissolution in CO 2 -bearing reservoir bed ( Fig. 6 ; Table 4 and formation of authigenic kaolinite. The dissolution of carbonate cement mainly occurred at the early stage of CO 2 thermal fluid emplacement, releasing a large number of large pores, many of which were present as primary pores. Thin section statistics showed that the proportion of primary porosity in CO 2 -bearing reservoir bed was over 75% (Table 4) . Such a high proportion of primary porosity was mainly related to the dissolution of carbonate cement. The release of a large number of primary pores would greatly improve reservoir quality. Due to the large size of CO 2 thermal fluid, emplacement of CO 2 thermal fluid was the main period of dissolution of feldspar and carbonates cement, and compared to CO 2 thermal fluid, the effect of organic acid dissolution on reservoir bed quality was relatively weak.
Impact of CO 2 fluid on clay minerals
Authegenic kaolinite is highly developed in the reservoir bed of the 1 st and 2 nd members of the Shahejie formation, accounting for 70% of clay minerals in average, which is more prominent as compared with surrounding mudstone, ( Table 5 ). The relative content of kaolinite is higher than oil-bearing sandstone at the same layer, with similar diagenetic stage by 20% to 40%, which is extremely rare. The degree of idiomorphism of kaolinite is good, and its authegenic characteristics are obvious (Fig. 7a, b ). In correspondence with high kaolinite content, the illite content of sandstone in CO 2 -bearing reservoir bed is relatively low, with an average of only 13% (Table 5) . It is inconsistent with the characteristics of clay minerals at the intermediate diagenetic stage of A || ∼ B, and is lower than other oil-bearing reservoir beds at similar diagenetic stage by 20% to 35%. The main reason for this phenomenon should be late emplacement of hydrocarbon and mantle-derived CO 2 fluid, and weakly acidic environment lasting for a long time, which is conducive to kaolinite growth and preservation (Sun et al., 2009) , and inhibition of illite growth. Dissolution of feldspar is also one of important sources of kaolinite. In addition, after CO 2 thermal fluid emplacement, other clay minerals would also be transformed to kaolinite in the weakly acidic environment. A high content of kaolinite and undergrown illite are favorable to maintaining reservoir bed permeability (Xu et al., 2003) .
Dawsonite cementation
Studies have shown that CO 2 -rich reservoir bed generally is rich in dawsonite cement, resulting in densely cemented sandstone reservoir bed with poor quality ). Dawsonite was not found by thin section observation and scanning electron microscopy for the reservoir beds in the A2 structure. Dawsonite peak was seen in X diffraction analysis ( Fig. 8 ; Table 5 ), but its content is low, with poor crystallization. It is generally believed that dawsonite can be formed in sodium ion-, aluminum ion-rich, alkalineweakly acidic fluid environment, and under high CO 2 partial pressure condition (Liu et al., 2006; . The above condition is common in CO 2 -bearing reservoir bed, and absence of a significant amount of dawsonite could be ascribed to the following reasons:
(1) It was indicated that sandstone with a high dawsonite content experienced high CO 2 partial pressure diagenetic environment for a long time, while sandstone with a low dawsonite content experienced high CO 2 partial pressure diagenetic environment only for a relatively short time (Liu et al., 2006) . CO 2 accumulation was late in the study area, and filling of CO 2 thermal fluid lasted for less than 3 Ma. This may be one of the reasons for a low level of dawsonite. Figure 8 . Dawsonite X-ray diffraction pattern. (2) Emplacement of hydrocarbon and CO 2 thermal fluid occurred late, and the reservoir bed was in an acidic-prone environment for a long time, which was difficult for dawsonite formation and preservation. (3) A high reservoir bed temperature caused poor stability and preservation of dawsonite. It was reported that dawsonite was stable at a temperature below 100°C. In the experiment of formation water -sandstone dawsonite interaction, dissolution of dawsonite began at 100°C, and strong dissolution was observed at 150°C . The reservoir bed in the 1 st and 2 nd members of the Shahejie formation in the study area is at a temperature above 113°C, and formation temperature of reservoir bed below 3300 meters reaches 120°C. It is difficult for the formation and preservation of dawsonite at such a high temperature.
Redistribution of dissolved matter by CO 2 thermal fluid
As mentioned earlier, entering of CO 2 thermal fluid into reservoir bed caused significant dissolution of feldspar and carbonate cement. Emplacement of CO 2 thermal fluid also resulted in obvious thermal fluctuation of reservoir bed, and the homogenization temperature of hydrocarbon-containing brine inclusions associated with hydrocarbon inclusion is higher than the current background temperature (Fig. 4) . The thermal effect is conducive to heat convection within the reservoir bed, in favor of redistribution of dissolved matter. The statistics of carbonate content of every 10 cm of rock core length show an average carbonate content of 5.36%, very close with 5.7% of the 1 st and 2 nd members of the Shahejie formation in the Bozhong Depression . However, the change of carbonate content in the vertical direction was not uniform. The carbonate content of the main reservoir bed section is generally less than 5%, while the top sandstone of the reservoir bed has high carbonate content, with a maximum of 36%. The sandstone size of the section with top strong cementation is much smaller than the main reservoir bed, and carbonate cementation becomes weaker downward (Fig. 9) . Redistribution of dissolved matter is in favor of improving reservoir bed quality.
Improvement of reservoir bed quality
Statistics of porosity show an average porosity of intragranular dissolution secondary pores of 16%, an average porosity of intergranular boundary dissolution secondary pores of 8% and a proportion of primary intergranular pores as high as over 75% (Table 4) . A high proportion of intergranular primary pores in the diagenetic stage is rare. As previously mentioned, a significant amount of primary pores is related to dissolution of carbonate cement, contributing to improved permeability. Feldspar dissolution and longterm acidic environment are favorable for kaolinite growth and illite inhibition. Two types of clay minerals influence reservoir bed quality differently. Illite will plug the pore throat and complicate the pore, while kaolinite will fill the pore and has little effect on the pore throat (Manmath et al., 1995) . Research in China found positive correlation between kaolinite content and permeability, but negative correlation between illite content and permeability (Xu et al., 2003) . In summary, dissolution of feldspar, significant growth of kaolinite, inhibition of illite growth, release of significant primary porosity played a key role in improving reservoir bed quality. The porosity and permeability of CO 2 -bearing reservoir bed interval in the A2 structure are relatively high. With the quality of reservoir bed below 3000 meters in the Bozhong Depression as a background value, the reservoir bed interval in well A2-2 is as high as over 6000 × 10 −3 µm 2 (Fig. 10) , which is rarely seen in Paleogene clastic reservoir beds below 3000 meters in the Bohai Sea. 
CONCLUSIONS
In this work, some important conclusions can be made. The main conclusions are listed below.
(1) The condensate gas reservoir in the 1 st and 2 nd members of the Shahejie formation in the A2 structure at the actic area, Qin Nan Sag is mainly inorganic mantlederived gas. Filling of hydrocarbon and CO 2 took place nearly at the same stage, with the time of accumulation less than 3 Ma.
(2) Emplacement of CO 2 thermal fluid caused dissolution of feldspar and carbonate cement, with a high content of intragranular dissolution pores and a high proportion of intergranular primary pores released by dissolution of carbonate cement. Feldspar dissolution and acidic environment formed by emplacement of thermal fluid are conducive to the growth of kaolinite and inhibition of illite growth, with a high content of authigenic kaolinite and a low content of illite. Late accumulation of CO 2 , long-term acidic environment, and a high reservoir bed temperature are not favorable to dawsonite growth, resulting in a low dawsonite content and poor crystallization, which had little effect on reservoir bed quality. Emplacement of CO 2 thermal fluid caused significant thermal fluctuation in the reservoir bed, which was conducive to heat convection, favorable to the redistribution of dissolved matter, resulting in obvious "top strong cementation" in the reservoir bed. (3) Dissolution of feldspar and carbonate cement, significant growth of kaolinite, inhibition of illite growth, undergrown dawsonite, and redistribution of dissolved matter played a decisive role in improving reservoir bed quality, with rarely seen high permeability.
